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应用电压 2.5 V、pH 4.0、电解质硫酸钠浓度 10 g/L 是铬离子去除的最佳条
件。初始 Cr(VI)浓度为 6.13 mg/L、pH 为 2.0~4.5 时处理 240 min 后 Cr(VI)的去
除率在 99.9%以上。pH 4.0 时总铬（Total chromium, TCr）具有最好的去除率
96.9%。Cr(VI)和 TCr 去除率随电压的升高而增大，随电解质浓度的升高先增大
后减小。铬离子的去除量与 SWCNTs@SSN 电极表面 SWCNTs 的量成良好的正
相关关系。在处理铬后的电极上施加一反相电压，铬可从电极表面脱附，Cr(VI)
和 TCr 的脱附率分别为 92.3%和 94.9%。铬去除机理研究表明，Cr(VI)的去除是
















电压 2.0 V、pH 6.0、电解质硝酸钠浓度 5 g/L 是铅离子去除的最佳实验条件。
铅去除率随电压的升高而增大，随电解质浓度的升高先增大后减小，去除速率随
pH 的升高而加快。初始铅离子浓度在 20~150 mg/L 时，经过 90 min 后铅离子去
除率均在 97.2%以上。处理铅后的 SWCNTs@SSN 电极可经酸泡的方式再生。铅
离子的去除是因其在阴极发生了还原反应。pH 5.0、应用电压 2.0 V、水力停留
时间 60 min 条件下，SWCNTs@SSN 电极对实际含铅废水具有良好的去除效果，
废水中的铝离子和铁离子可同时被去除。 
应用电压 2.5 V、pH 8.0、电解质硫酸钠浓度 10.0 g/L 是镍离子去除的最佳实
验条件。镍离子在酸性条件下没有去除，镍去除率随电压的升高而增大，随电解
质浓度的升高先增大后减小。镍离子去除量与 SWCNTs@SSN 电极表面 SWCNTs
的量成良好的正相关关系。去除镍后的 SWCNTs@SSN 电极可经过酸泡的方式再
生。对含镍电镀废水的处理研究表明，废水溶液 pH 被调为 10.0 时，电化学处理
240 min 后电镀废水中的镍离子形成 Ni(OH)2 聚集在电极表面，溶液中镍离子浓
度可从 120 mg/L 降至 14.8 mg/L，去除率达 87.6%。 





























Heavy metals are important pollutants in wastewater, and also valuable 
resources. The discharge of heavy metal wastewater is increasing with quick 
development of industry and threatening environmental and human health. At 
present, treatment methods for heavy metal wastewater, including chemical 
deposition, ion exchange, membrane separation and adsorption, have been widely 
used. However, their disadvantages, such as high cost and secondary pollution, are 
also serious. Electrochemical technique is another method of wastewater treatment 
developed in recent 60 years with some advantages, such as low cost and secondary 
pollution free, showing great potential in heavy metal wastewater treatment.  
As a new kind of carbon material, carbon nanotubes (CNTs) was discovered in 
1991 with the characteristics of high specific surface area, high conductivity and 
high mechanism intensity. It has a great potential to be applied in the wastewater 
treatment. Stainless steel net (SSN) is a common metal material with the features of 
corrosion resistant, high mechanism intensity and high conductivity. In this study, 
electrophoretic deposition (EPD) method was used to prepare SSN electrodes coated 
with single walled CNTs (SWCNTs), as SWCNTs@SSN electrodes. The 
performances of SWCNTs@SSN, such as corrosion resistant, mechanism intensity 
and conductivity, were studied. The electrochemical system equipped with 
SWCNTs@SSN electrodes was applied to remove chromium, lead and nickel from 
aqueous solution, respectively; as well as to remove heavy metals from mix solution 
of chromium, lead, nickel, copper and cadmium. Real industrial lead wastewater and 
electroplating nickel wastewater were also treated. Effects of experimental 
parameters, including solution pH, electrochemical treatment time, applied voltage 
and electrolyte concentration, on metal removal and the removal mechanism were 
investigated. Three methods, i.e., removing voltage, applying reverse voltage and 
acid rinse were adopted to regenerate SWCNTs@SSN electrodes. The study contents 
and results are the follows:   















were the optimal experimental conditions for chromium removal. When initial Cr(VI) 
concentration was 6.13 mg/L and pH between 2.0~4.5, the removal efficiency of 
Cr(VI) was higher than 99.9%. The optimal removal efficiency 96.9% of total 
chromium (TCr) was obtained at pH 4.0. Chromium removal increased with the 
voltage increasing, and decreased after increasing with the electrolyte concentration 
increasing. Both Cr(VI) and TCr removals had high positive correlation with the 
amounts of SWCNTs on the electrodes. The desorption efficiencies 92.3% for Cr(VI) 
and 94.9% for TCr were obtained when a reverse voltage was applied on the 
electrodes after electrochemical treatment of chromium. The mechanism of Cr(VI) 
removal was the reduction of Cr(VI), the removal of TCr was due to that cation 
Cr(III) reacted with the functional group on the surface of SWCNTs. 
 Applied voltage 2.0 V, pH 6.0 and electrolyte NaNO3 at concentration 5 g/L, 
were the optimal experimental conditions for lead removal. The removal efficiency 
increased with the voltage increasing, and decreased after increasing with the 
electrolyte concentration increasing. When initial lead concentration was 20~150 
mg/L, the lead removal efficiency was higher than 97.2% after 90 min treatment. 
The used SWCNTs@SSN electrode could be regenerated with acid rinse. Under the 
conditions of pH 5.0, applied voltage 2.0 V and hydraulic retention time 60 min, a 
real industrial lead wastewater had been treated with high removal efficiency. At the 
same time aluminum and iron ions were also removed.  
Applied voltage 2.5 V, pH 8.0 and electrolyte Na2SO4 at concentration 10.0 g/L, 
were the optimal experimental conditions for nickel removal. Nickel had no removal 
in acidic solution. The removal efficiency increased with the voltage increasing, and 
decreased after increasing with the electrolyte concentration increasing. Nickel 
removal had high positive correlation with the amounts of SWCNTs on the 
SWCNTs@SSN electrodes. The removal mechanism was explained as nickel 
adsorption on the cathode. The used SWCNTs@SSN electrode could be regenerated 
with acid rinse. The treatment result of a real electroplating nickel wastewater 
showed that at pH 10.0 in the electrochemical system, the nickel ion concentration 















the electrode, and the removal efficiency was 87.6%. 
SWCNTs@SSN electrode was also used to treat mix metal solution of 
chromium, cadmium, lead, nickel and copper at different pH. All the metal ions 
could be removed. However, the five metal ions did not have the best removal 
efficiency at the same time since the optimal removal parameters for each metal ion 
was different. The electrochemical system with flow cell equipped with multiple 
SWCNTs@SSN electrodes in series was used to treat mix solution of low 
concentration heavy metal ions, and the results showed that chromium, lead and 
nickel had good removal efficiencies.  
In summary, the electrochemical system equipped with SWCNTs@SSN 
electrodes could effectively remove heavy metal ions from aqueous solution. The 
proposed electrochemical method had a great potential to treat heavy metal 
wastewater. 
 
Keywords: Electrochemical method; Stainless steel electrode coated with single 


















地壳质量的 50%，覆盖着地球 71%的表面积，平均深度达到 3.8 km，是生命赖
以生存的重要条件，没有水就没有生命。 
地球上水资源总量约有 13.6×108 km3，其中海水占 97.2%，淡水源中的大
部分又以两极的冰川及高山上的冰盖形式存在；因此，陆地上直接可被人类利
用的淡水只有河水、淡水湖及浅层地下水，三者储量之和约为总水量的 0.2%，
约为 3.0×106 km3[1]。 
我国地处欧亚大陆东部，主要受太平洋、印度洋及北冰洋气流影响，年平
均降水量约为 630 mm，降水总量约为 6.2 亿 m3，全国河川径流量为 2.6 万亿
m3，全国水资源总量为 2.71 万亿 m3，居世界第六位，但人均水资源量是世界
人均水资源量的 1/4，居世界第 88 位[2]。2008 年，全国水资源总量为 2.74 万
亿 m3，比常年值偏少 1.0%；北方六区水资源总量 0.46 万亿 m3，比常年值偏少
12.5%，占全国的 16.8%；南方四区水资源总量为 2.28 万亿 m3，比常年值偏多
1.7%，占全国的 83.2%[3]。我国水量在时空上分布也不均衡，东南多，西北少，
由东南沿海向西北内陆递减；冬春少雨、多春旱，夏秋多雨、多洪涝；水量年
际变化也很大，丰水年与枯水年降水量可相差 5~6 倍之多[1]。 
2000 年，全国 600 多个大中城市中，有 400 多个缺水，其中 100 多个严重
缺水，北京、天津等大城市目前的供水非常紧张，每年因缺水造成的直接损失
达 2000 亿元[4]。据预测，我国缺水高峰将在 2010~2020 年出现，平均每年缺
水约为 1000 亿 m3；2030 年全国缺水将达 4000~4500 亿 m3[5]。而且，随着经
济的高速发展和城市化进程的加速，我国日益短缺的水资源还面临着不断加重
的流域水污染问题[6]。 
根据 2010 年 1 月 6 日发布的 2008 年中国水资源质量年报[7]，2008 年全国
10 个水资源一级区的主要河流或河段水质状况按全年、汛期、非汛期进行了监















61.2%，IV~V 类水河长占 18.2%，劣 V 类水河长占 20.6%；汛期总评价河长
146824.0 km，其中 I~III 类水河长占总评价河长的 60.1%，IV~V 类水河长占
21.6%，劣 V 类水河长占 18.3%；非汛期总评价河长 146650.4 km，其中 I~III
类水河长占总评价河长的 61.6%，IV~V 类水河长占 16.3%，劣 V 类水河长占
22.1%。全年、汛期、非汛期 I~III 类水河长比例变化不大，与 2007 年相比，全
年 I~III 类水河长比例上升了 1.7%。 
1.2 重金属废水概况 








根据 2009 年 9 月 28 日公布的全国环境统计公报（2008）[8]，2008 年全国
废水排放总量为 571.7 亿 t，其中工业废水排放量为 241.7 亿 t，占废水排放总量




































































应≤0.3 mg，甲基汞应≤0.2 mg[14]。 
（2）铬 





环境保护署（USEPA）规定 Cr(VI)和总铬的排放限值分别为 0.05 mg/L 和 0.1 
mg/L[20]。我国 1973 年修订的饮用水标准规定 Cr(VI)不得超过 0.05 mg/L。我
国规定灌溉用水总铬（Total chromium, TCr）不得超过 0.1 mg/L，排放废水中含
Cr(VI)不得超过 0.5 mg/L[15]。 
（3）镍 
镍经常用于电镀、不锈钢和镍-镉电池生产。天然河流和湖泊中溶解镍浓度
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